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ABSTRACT 

We report on the Chandra X-ray Observatory ACIS-S3 imaging observation of the globular cluster NGC 6752. 
We detect 6 X-ray sources within the 10."5 core radius and 13 more within the 115" half-mass radius down 
to a limiting luminosity of Lx ~ 10""^ erg s"' for cluster sources. We reanalyze archival data from the Hubble 
Space Telescope and the Australia Telescope Compact Array and make 12 optical identifications and one radio 
identification. Based on X-ray and optical properties of the identifications, we find 10 likely cataclysmic variables 
(CVs), 1-3 likely RS CVn or BY Dra systems, and 1 or 2 possible background objects. Of the 7 sources for which 
no optical identifications were made, we expect that are background objects and that the rest are either 

CVs or some or all of the five millisecond pulsars whose radio positions are not yet accurately known. These 
and other Chandra results on globular clusters indicate that the dozens of CVs per cluster expected by theoretical 
arguments are being found. The findings to date also suggest that the ratio of CVs to other types of X-ray sources 
is remarkably similar in clusters of very different structural parameters. 

cataclysmic 



Subject headings: globular clusters: general 
variables — X-rays: stars 

1. INTRODUCTION 



- globular clusters: individual (NGC 6752) - 
-binaries: close 



Globular clusters are very efficient catalysts in forming un- 
usual objects, such as low-mass X-ray binaries (LMXBs), cata- 
clysmic variables (CVs), millisecond pulsars (MSPs), and blue 
stragglers, with formation rates per unit mass exceeding those 
in the galactic disk by orders of magnitude. The high stellar 
densities in globular clusters trigger various dynamical interac- 
tions: exchanges in encounters with binaries, direct collisions, 
destruction of binaries, and perhaps tidal capture. Many de- 
tails of these processes are not well understood, primarily be- 
cause of the complex feedback between stellar evolution and 
stellar dynamics. The rate of these competing processes de- 
pends strongly on the cluster's physical properties. For exam- 
ple, binary formation by tidal capture generally requires higher 
densities than do exchange reactions involving primordial bi- 
naries (Hut et al. 1992). In the outermost regions of even the 
densest clusters, the currently observed binaries will be mainly 
primordial ones. In contrast, the LMXBs and the MSPs that 
consequently evolve from the LMXBs are formed (almost) ex- 
clusively via stellar encounters. Davies & Hansen (1998) have 
shown how the large number of binary radio pulsars that are 
present in 47 Tuc (Camilo et al. 2000; Freire et al. 2001) may 
have been formed from an initial population of some 10^ pri- 



mordial binaries and ~10 neutron stars. 

To date, there are thirteen known bright {L^ > 10^* erg s"') 
X-ray sources in 12 globular clusters. The X-ray spectra and lu- 
minosities indicate that these are LMXBs; orbital periods from 
1 1 minutes to 17.1 hours have been determined for five sources. 
In 1 1 sources, type I X-ray bursts have been detected (in 't Zand 
et al. 1999 and references therein), which are well explained as 
thermonuclear runaways on a neutron star surface (for a review 
see Lewin, van Paradijs, & Taam 1993). Optical counterparts 
have been found for six bright sources (Deutsch et al. 1998; 
Heinke, Edmonds, & Grindlay 2001; Homer et al. 2001a, and 
references therein). 

With the Einstein satellite, seven faint (Lx < 10^^ erg s"') 
sources were detected in the cores of as many clusters (Hertz 
& Grindlay 1983a,b). With ROSAT, the number of faint core 
sources (within two core radii of the centers) expanded to 
40, including multiple sources in 47 Tuc, oj Cen, NGC 6397, 
NGC 6752 and others; an additional 17 faint sources were 
found farther out in the clusters (more than two core radii from 
the centers). Whereas virtually all of the core sources are re- 
lated to the globular clusters, some of the sources outside the 
cores may be in the background or foreground (Verbunt 2001, 
and references therein). Due to crowding and the limited ac- 
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curacy of even the ROSAT positions (varying from 2-5", de- 
pending on whether a secure optical identification allows accu- 
rate determination of the bore sight correction), optical iden- 
tifications of faint X-ray sources in globular cluster cores re- 
mained tentative before the Chandra era, and some suggestions 
have been disproved with more accurate X-ray positions, as in 
47 Tuc (Verbunt & Hasinger 1998) and M 92 (Geffert 1998; 
Verbunt 2001). The only secure optical identification was that 
of a dwarf nova with a faint X-ray source 12 core radii from the 
center of NGC 5904 (Hakala et al. 1997; Margon, Downes, & 
Gunn 1981). The radio pulsar in M 28 is another securely iden- 
tified faint X-ray source (Lyne et al. 1987; Saito et al. 1997). 
Some identifications, like those in M 13, remain in doubt (Ver- 
bunt 2001). 

Progress in identifying the nature of the various faint X-ray 
sources has been very slow during the past two decades. How- 
ever, this is now rapidly changing. With Chandra's high sensi- 
tivity and unprecedented spatial resolution of ^1", a revolution 
is underway in our understanding of the low-luminosity globu- 
lar cluster X-ray sources and their association with the binary 
populations of globular clusters. To date, some results have 
already been reported for a 74 ks observation of 47 Tuc (Grind- 
lay et al. 2001a), a 70 ksec observation of ui Cen (Rutledge et 
al. 2001a), a 49 ks observation of NGC 6397 (Grindlay et al. 
2001b), and preliminary results have been reported for our own 
observations of NGC 6752, NGC 6440 and NGC 6121 (Pooley 
et al. 2000). The Chandra observations have confirmed previ- 
ously suggested optical counterparts for faint X-ray sources in 
the cores of these clusters and made numerous additional iden- 
tifications. We report here in more detail on the results of a 
30 ks observation of NGC 6752. In the discussion section we 
will compare our results with those reported earlier. 

NGC 6752 is at a distance of 4.1 ±0.2 kpc (Renzini 
et al. 1996). The optically derived center is at (J2000) 
19'>10'"51.'8,-59°58'55" (Harris 1996). Its moderate optical 
reddening Eg-v = 0.04 may be converted to a nominal X-ray 
absorption column characterized by A^h = 2.2 x 10^" cm"^ us- 
ing the relation found by Predehl & Schmitt (1995). Its core 
radius is 10"5, and its half-mass radius r^ is 115" (Trager, 
Djorgovski, & King 1993). We use these values throughout the 
paper. 

Faint X-ray sources in NGC 6752 were first found by Grind- 
lay (1993) on the basis of a 31.3 ks ROSAT HRI exposure, 
which revealed a double source in the core and two sources 
outside the core but within the half-mass radius. These sources 
were also detected with the ROSAT PSPC (Johnston, Verbunt, 
& Hasinger 1994). Verbunt & Johnston (2000) co-added three 
ROSAT HRI observations for a total exposure of 72 ks and 
identified an X-ray source with the non-cluster member star 
TYC 907 1 228 1 , allowing an accurate solution of the bore sight 
correction and therewith an accurate (a ~ 2") absolute position- 
ing of the X-ray frame. They also resolved the central source 
into four sources and argued on the basis of the source den- 
sity in the whole ROSAT image that the other sources within 
the half-mass radius were possibly related to the cluster. The 
best position for the northernmost ROSAT source in the core is 
marginally compatible with the previously published position 
of the southern of two Ha emission objects and photometric 
variables with periods of 5 . 1 hr and 3 .7 hr discovered with Hub- 

This randomization has the effect of removing the artificial substructure (Moir^ 
contained a substantial number of dither cycles (one dither cycle has a period of - 
the image with pixel randomization. 



ble Space Telescope (HST) observations by Bailyn et al. (1996). 

Our Chandra X-ray observations are described and analysed 
in §2, our radio observations in §3, and our analysis of the HST 
observations in §4. The results are described in §5 and dis- 
cussed in §6. 

2. X-RAY OBSERVATIONS 

NGC 6752 was observed with the Chandra X-ray Observa- 
tory (Weisskopf, O'Dell, & van Speybroeck 1996) for ~30 ks 
on 2000 May 15. The observation was made with the Ad- 
vanced CCD Imaging Spectrometer (ACIS) with the telescope 
aimpoint on the back-side illuminated S3 chip, which offers in- 
creased sensitivity to low-energy X-rays compared to the front- 
side illuminated chips. The entire region inside the cluster's 
half-mass radius fit on the 8'.3 square S3 chip. The data were 
taken in timed-exposure mode with the standard integration 
time of 3.24 sec per frame and telemetered to the ground in 
faint mode, in which a 3 x 3 pixel island is recorded for each 
event. 

2.1. X-ray Data Reduction 

Data reduction was performed using the CIAO 2.1 software 
provided by the Chandra X-ray Center (http://asc.harvard.edu). 
We used the CALDB v2.6 calibration files (gain maps, quantum 
efficiency, quantum efficiency uniformity, effective area). Bad 
pixels were excluded, as were intervals of background flaring 
(~1 ks). The effective exposure time for the observation after 
filtering for flares and correcting for dead time was 28.7 ks. 

Starting with the raw (level 1) event list, we processed the 
data (using acts _j)rocess_events) without including the pixel 
randomization that is added during standard processing.^' This 
method slightly improves the point spread function (PSF). We 
then applied good-time intervals (both the ones supplied with 
the standard data products and our custom ones which excluded 
the period of background flaring) and filtered the data to in- 
clude only events with ASCA grades of 0, 2, 3, 4, or 6 (this 
is the "standard" choice that generally optimizes the signal- 
to-background ratio; see the Chandra Proposer's Observatory 
Guide available from the website for more information). We 
also excluded software-flagged cosmic ray events. We used this 
filtered event fist (level 2) for the subsequent analysis. 

2.2. X-ray Source Detection 

The wavelet-based wavdetect tool was employed for source 
detection. We found that the detection of sources was insensi- 
tive to whether we used a medium-band (0.5^.5 keV) or full- 
band (0.3-8.0 keV) image. We detected 19 point sources within 
the cluster half-mass radius (Table 1) and another 21 on the rest 
of the S3 chip. We have numbered the sources in order of most 
counts to least in the 0.5-6.0 keV band. Our detection threshold 
was >5 counts in the 0.3-8.0 keV image. The absorbed flux of 
the faintest detected source was ~ 6 x 10"'^ erg cm~^ s~^ Us- 
ing the density of sources outside the half-mass radius, we esti- 
mate that about four sources within the half-mass radius are not 
associated with the cluster, which is in approximate agreement 
with the \ogN — \ogS relationships of Giacconi et al. (2001). 
All 19 possible cluster sources are consistent with being point 
sources, with the possible exception of CX12. Comparing the 
observed radial surface brightness profile of this source to one 

attem) that results as a byproduct of spacecraft dither. Since all of our observations 
1000 sec), this substructure is effectively washed out, and there is no need to blur 
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Fig. 1. — X-ray image of the central l'.6 x l'.6 region of NGC 6752. Tlie solid circles indicate tlie source extraction regions as determined by wavdetect. Tlie 
optical cluster center is indicated with a cross, and the dashed circle is the 10"5 core radius of the cluster. Each pixel is a 0"492 square. 



predicted for a source of its intensity and at its location on the 
chip, we find that it is inconsistent with being a single point 
source at 94% confidence (x^ = 12.2 for 6 degrees of freedom). 
It is most Ukely a blend of multiple sources. 

The central \'.6 portion of NGC 6752 is shown in Fig. 1. 
Overlaid on this image are the source extraction regions deter- 
mined by wavdetect, a dashed circle indicating the core radius, 
and a cross indicating the optical center of the cluster. 

2.3. X-ray Count Rates 

Source counts were extracted in a variety of energy bands. 
We found that the most useful data were between 0.5 and 
6.0 keV, as this range preserved almost all of the source counts 
while limiting the background contribution. We focus on 
the following bands for hardness ratios and the X-ray color- 
magnitude diagram (CMD): 0.5-1.5 keV (Xsoft), 0.5-4.5 keV 
(Xmed). and 1.5-6.0 keV (Xhard)- While somewhat arbitrary, this 
choice allows a direct comparison with the results of Grindlay 
et al. (2001a) on 47 Tuc, which has a similar distance and col- 
umn density. 

The detected count rate was corrected for background, expo- 
sure variations, and foreground photoelectric absorption. The 
background count rate in each band was estimated from an an- 
nulus around the innermost sources. The inner radius was 29", 
and the outer radius was 70". No sources were present within 
the annulus. Because of the spacecraft's dither, some sources 
passed in and out of bad columns on the CCD. To account for 
the ~4% variations in exposure that resulted, we applied mul- 
tiplicative corrections based on the ratio of a source's average 
effective area in each of the three bands to the average effective 
area in the same band of CX15, which had the highest average 
exposure. The individual effective area curves for the sources 
were made using the CIAO tool mkarf. The average effective 
area of CXI 5 in each of the bands was 591 cm^ (Xgoft), 465 cm^ 
(Xmed), and 377 cm^ (Xhard)- 

To correct for the column density to NGC 6752, we used 



XSPEC (Amaud 1996) to examine the effects of absorption on 
three spectra characteristic of what one might expect to find in 
a globular cluster: a 3 keV thermal bremsstrahlung (for CVs; 
Richman 1996; van Teesehng, Beuermann, & Verbunt 1996), 
a 0.3 keV blackbody (for quiescent LMXBs; Verbunt et al. 
1994; Asai et al. 1996, 1998; as substitute for the more cor- 
rect neutron-star atmosphere models, see Rutledge et al. 2001b 
and references therein), and a power law with a photon index 
of r = 2 (for MSPs; Becker & Trumper 1999). In each of our 
three bands, we took the ratio of the unabsorbed count rate to 
one absorbed by a column density ofA^H = 2.2x 10^" cm"^. Be- 
cause this is a fairly low column density, the effects were small 
on each of the three model spectra. We used a simple average 
of the ratios to derive the following correction factors for the 
observed count rate in each band: 1.084 (Xsoft), 1.067 (X^ed), 
and 1.010 (Xhard)- Table 1 lists both the observed and fully cor- 
rected counts in each band for all 19 sources. The X-ray color- 
magnitude diagram based on the corrected counts is shown in 
Fig. 2. Note that the effect on the X-ray color-magnitude dia- 
gram of the correction for absorption is a uniform shift of all 
points 0.03 units up and 0.02 units to the right. 

2.4. X-ray Spectral Fitting 

We used the CIAO tool dmextract to extract spectra of the 
brighter sources (CX1-CX9) and dmgroup to group the spec- 
tra to a selected number of counts per bin. CXI was grouped 
to contain >35 counts per bin, CX2-CX4 were grouped at 
>15 counts per bin, and CX5-CX9 at >10 counts per bin. 
Background-subtracted spectral modeling was performed with 
XSPEC using data in the 0.3-8.0 keV range. 

We fit three different models to each of the nine bright- 
est sources (CX1-CX9): thermal bremsstrahlung (TB), black- 
body (BB), and power law (PL). For CXI, the column den- 
sity was allowed to vary and compared to a fixed value of 
A^H = 2.2 X 10^*^ cm"^ for the cluster. For the other sources, 
however, we found that the data could not constrain A^h well 
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Fig. 2. — X-ray color-magnitude diagram for NGC 6752. The X-ray color is defined as the logarithm of the ratio of Xsott (0.5-1.5 keV) corrected counts to Xy^^ 
(1.5-6.0 keV) corrected counts, and the magnitude is the logarithm of Xmed (0.5^.5 keV) corrected covmts. Probable source natures are indicated by symbols (A 
for CVs, -k for BY Dra, O for ambiguous sources with optical or radio counterparts, and x for sources with no radio or optical counterparts). The arrows indicate 
the magnitudes of the three sources (CX14, CX18, and CX19) for which there were no detected counts in Xhard. 



and that all best-fit values were consistent with the column den- 
sity from optical reddening. We therefore fixed A^h at the optical 
reddening value for the rest of the sources. The results are Usted 
in Tables 2 and 3. 

From the best-fit models, we calculated the unabsorbed 
source luminosities for CX1-CX9. Averaging the results from 
the best fits of each of the three models, we arrived at our es- 
timate for the source luminosities listed in Table 1 . The major 
sources of uncertainty in these luminosities arise from the scat- 
ter in the luminosities from the three different models and the 
uncertainties in each individual fit. The combined effect is typ- 
ically around 20%. The uncertainties in distance (2.4%) and 
column density (1.7%) are negligible in comparison. 

Fitting a linear relation to the CX1-CX9 luminosities vs. the 
corrected counts in Xmed, we have estimated the unabsorbed lu- 
minosities for sources CX10-CX19 based on their X^ed counts. 
These are also listed in Table 1. 

3. RADIO OBSERVATIONS 

We have analyzed archival radio observations of NGC 6752, 
carried out on 1995 February 02 using the Australia Telescope 
Compact Array (ATCA; Prater, Brooks, & Whiteoak 1992). 
Observations were made simultaneously at 1.4 and 2.4 GHz, 
and cover the entire Chandra field-of-view. At 1 .4 and 2.4 GHz, 
the resulting spatial resolutions are 5. "7 x 4"9 and 3'.'2 x 2."7 
with sensitivities of 70 /xJy beam"' and 90 fxJy beam"\ respec- 
tively (where 1 Jy = 10"^^ W m'^ Hz"'). 

We find three source coincidences between the X-ray and 
1.4-GHz radio images: one point source within NGC 6752's 
half-mass radius (CX17), one point source ~ 6' from the clus- 
ter center (the corresponding X-ray source falls on chip S4), 
and some diffuse X-ray emission centered on a bright extended 
radio source (possibly a head-tail radio galaxy) outside the clus- 
ter. At 1 .4 GHz the radio counterpart to CXI 7 has a flux density 
of 0.5 ±0.1 mJy; no circular or Unear polarization is detected 
from this source, with a 3(t upper limit on the fractional polar- 
ization of 35%. At 2.4 GHz this source is marginally detected 
at the 3(J level, with a flux density ~ 0.3 mJy. 

The absolute astrometry of the ATCA data in the Interna- 
tional Celestial Reference System (ICRS) is accurate to < 0."1. 



Based on the two point-source coincidences, we corrected the 
Chandra astrometry to ahgn these sources. The correction was 
-0?044 (= -0."33) in RA and -0."17 in Dec. 

4. OPTICAL OBSERVATIONS 

The //ST archive contains a substantial amount (~400 expo- 
sures) of WFPC2 imaging data covering the central regions of 
NGC 6752. Of particular utility are the data obtained by Bai- 
lyn and collaborators to suggest optical identification for two 
ROSAT sources in the core, the very ones we have now re- 
solved into multiple Chandra sources. These consist of deep 
Ha(-,56 (F656N filter; i.e., 6560A), /?675 (F675W) and B439 
(F439W) image sets, plus long time-series in V555 (F555W) and 
hu (P814W) covering the core alone (for details see Bailyn 
et al. 1996), ideal for the identification of H a emission and/or 
variable stars. Furthermore, additional Ui^e, (F336W), nUVxss 
(P255W) are now available allowing for additional UV-excess 
selection. Unfortunately, not aU of our Chandra sources have 
such complete optical coverage, owing to the nature of this 
archival data obtained for other unrelated projects. However, 
only one X-ray source (CX8) lacks any HST color information 
at all. 

In this section, we wiU first outline the optical astrometry 
undertaken to tie the HST images to the ICRS and thereby fa- 
cilitate the alignment of our Chandra detections. We will then 
proceed to describe our optical data preparation and reductions, 
and end with our results. 

4.1. Optical Astrometry 

We aim to tie each HST pointing to the ICRS by finding 
matches between stars appearing on HST images and stars with 
accurate positions in either the Tycho-2 (H0g et al. 2000) or 
USNO A-2 (Monet 1998) catalogs. Unfortunately, owing to 
the brightness and stellar density of the cluster core neither 
catalog extends to within 5' of the center. However, the HST 
archive also contains numerous (largely V-band) images ex- 
tending from the cluster center out to a ^^10' radius, and these 
outermost images do overlap with the USNO A-2 coverage. 
On the basis of the HST pointing information (contained in 
each image header), we used the IRAP/STSDAS routine metric 
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(which includes corrections for geometrical distortions towards 
the edge of each chip) to over-plot the nominal USNO star po- 
sitions. To aid in the matching we also then degraded the HST 
images by convolving with a Gaussian to approximate the typ- 
ical ground-based seeing of the plates used in deriving the cat- 
alog. It was then possible to make 58 reliable matches, on two 
separate HST datasets (i.e., from different satellite pointings), 
deriving offsets of 1"1 and 0"1 in RA and Dec, respectively. 
We found no evidence for a significant discrepancy in the nomi- 
nal roll-angle, and hence we made no correction to this parame- 
ter. Taking the scatter to the astrometric fit and, in particular, the 
uncertainty in the roll-angle, we estimate residual uncertainties 
of a few tenths of an arcsecond. 

Having aligned these outermost HST images, we then had to 
step in via intermediate overlapping HST images to find correc- 
tions for all the useful images of the cluster center. The proce- 
dure was essentially the same for each step. We measured the 
centroids of all bright (but not saturated) stars appearing in the 
overlap regions of two HST datasets and then applied invmetric 
to derive their nominal RA and Dec according to the headers. 
Pairs were then matched and average offsets in sky coordinates 
calculated. Again, in no case did there appear to be any signifi- 
cant roll-angle discrepancies present. For these steps, we more 
typically found a few hundred matches, and hence the uncer- 
tainty in the measured offsets was negligible relative to that of 
the initial tie to the USNO A-2 (ICRS) frame. 

The final stage made use of the prior identifications of two 
Ha bright stars by Bailyn et al. (1996). Over-plotting our 
Chandra sources for the core revealed that the two optical stars 
flagged in the Bailyn et al. finding chart (their Fig. 2) are in- 
deed excellent matches to two of our X-ray sources. Specifi- 
cally, our analyses of the relative positions and position angles 
in both the X-ray and the optical for these two flagged stars 
were fully in agreement. (Note that our astrometric solution 
for the position of these two objects differs in RA and Dec by 
0?33 (= 2"6) and 8."4, respectively, from the positions given 
by Bailyn et al. 1996. We can suggest no explanation for this 
large discrepancy.) In our analysis, only a small ~0f'5 X-ray 
vs. optical offset remained. However, this is consistent with the 
expected uncertainty in our astrometric solution for these HST 
images relative to the ICRS frame. Hence, we decided lo apply 
this small offset (assuming that these two stars are exactly at 
their Chandra positions) to the astrometry for aU of our HST 
datasets. In order to be thorough, we opted to examine all opti- 
cal/UV stars within ~0"5 of each Chandra source position. In- 
deed, as we describe in detail below, we then uncovered at least 
3 more strong candidate optical counterparts, none of which 
was more than 0"! from the expected position based upon this 
offset. Such results are indeed consistent with uncertainties ex- 
pected in the relative astrometry of the X-ray positions, com- 
bined with their transfer to a variety of HST datasets. 

4.2. Optical Data Reductions and Analysis 

The data from the HST archive are already well-calibrated 
(aside from astrometry), and only two steps remained. For each 
pointing and filter, at least two images were available, which 
were then used to remove the numerous cosmic ray events de- 
tected in each exposure. We used the combine task to calculate 
an average image and applied one-sided sigma clipping (based 
on the median value of each pixel and a noise model for the 
detector) to exclude cosmic ray events. The images from each 
of the four chips were then trimmed to remove the partially 



masked edge regions. 

We employed daofind in the IRAF implementation of 
DAOPHOT II (Stetson 1992) to find aU stars detected at ap- 
proximately 3cr above background, and we then determined 
their centroids. Unfortunately, this method is not fool-proof, 
and we also had to add a number of faint stars by hand to our hst 
and delete others affected by the ^20 saturated stars appearing 
on each frame. We excluded all stars with centers within ~10- 
15 pixels of any saturated pixels and also any stars lying on 
the cross-shaped diffraction patterns of the very brightest stars. 
Having thus created a master star hst for each image, aperture 
photometry yielded magnitudes for a range of annuU close to 
the measured FWHM of the PSF We note that, for the under- 
sampled stellar PSFs of the PC and especially the WF chips, 
aperture photometry produced better results than our attempts 
at PSF fitting. The apertures we used are, however, far smaller 
than the standard 0"5 aperture of the STMAG system (Holtz- 
mann et al. 1995), and we therefore estimated the correspond- 
ing magnitude offsets needed relative to this large aperture for a 
number of bright (but non-saturated) and isolated stars on both 
the PC and WF chips. Applying both these offsets and the ap- 
propriate zeropoints based upon the sensitivity information in 
each header, we finally arrived at the STMAGs in a given filter 
for each star. We note that accurate estimation of the back- 
ground contribution (especiaUy critical for the faintest stars), is 
very difficult in such a crowded field. We adopted the mode 
value for an annulus surrounding each star. Tests, using either a 
fixed value as determined by averaging the results for the least 
crowded stars (farther from the core) or using the centroid of a 
Gaussian fit to the "sky" histogram instead of the mode, showed 
that we can expect systematic errors of ^0.1-0.2 mags in our 
final STMAG values. We have also applied approximate cor- 
rections to the magnitudes derived from aperture photometry to 
compensate for the time-dependent charge-transfer-efficiency 
effect and the so-called "long versus short anomaly," according 
to the formulae presented on the WFPC2 instrument web-pages 
(http://www.stsci.edu/instruments/wfpc2/). 

We constructed a variety of color-magnitude diagrams 
(CMDs) with aU the available data. The most informative of 
these diagrams are shown in Fig. 3, on which all stars located 
within the 0"5 Chandra error circles are indicated by grey 
boxes. Numbers have been assigned to all candidate counter- 
parts corresponding to the "CX" designation (i.e., our Star 1 
is the counterpart to CXI). In this scheme. Stars 1 and 2 of 
Bailyn et al. (1996) are CX4 and CX7, respectively. In some 
cases, candidates are only abnormal in certain colors, but they 
are all labelled in each diagram. The results on each star are 
summarized in Table 4 and §5, and finding charts are shown in 
Fig. 4. 

5. RESULTS 

The X-ray luminosities for the Chandra sources as listed in 
Tables 1 and 2 are in a range covered in the galactic disk by 
CVs, RS CVn binaries, and MSPs (e.g., see Fig. 8 in Verbunt 
et al. 1997). The soft X-ray transients with neutron stars in 
the galactic disk tend to have higher luminosities (the lowest 
luminosity known to us is that of Cen X-4 measured in Au- 
gust 1995 wifli the ROSAT HRI at 7 x 10^' erg s"' between 0.5 
and 2.5 keV; Rutledge et al. 2001). Transients with a black 
hole have quiescent luminosities down to ~10^'' erg s~'; these 
luminosities may be due to chromospheric emission from the 
companion to the black hole, however (Rutledge et al. 2000). 
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Fig. 3. — Color-magnitude diagrams for the central regions of NGC 6752. All the stars from both the PC field and one of the WF chip fields are plotted, along 
with all stars within O^'S of the Chandra source positions (indicated by grey boxes). Numbers refer to the candidate optical counterparts to the X-ray sources. All 
the R675> Ha(,i(,, and B439 band data shown in the upper panels are taken from HST observations in 1994 August, whereas the 1/336, 1^555 and nUVi^s data in the 
lower panels were obtained in 2001 March. Note that in the bottom left panel: (i) four candidates are plotted twice, according to their colors calculated from V555 
band data taken either contemporaneously (i.e., that of 2001 March, squares) or older data from 1994 August (triangles), which clearly shows that three of them are 
variable; (ii) the data for Star 3 (marked as a hexagon) were obtained in the wide U (F300W) and wide V (F606W) filters and have been transformed before plotting. 



None of the X-ray spectra in our sample is as soft as would be 
expected for a low-mass X-ray transient in quiescence; all sys- 
tems with enough signal (CXl-9), except CX8, can be fit with 
relatively hard thermal bremsstrahlung spectra, as expected for 



CVs. 

A further clue to the nature of the Chandra sources may be 
obtained from the X-ray to optical flux ratio. For the Chandra 
sources whose optical counterparts have not been measured in 
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Fig. 4. — 4" x4" finding charts for each optical counterpart candidate, obtained from HST archival data. These images were taken in ¥555, apart from the charts 
for Stars 1 (f/sae), 3, 6, and 13 (B439), and 14 (1/336), for which V555 was either unavailable or the counterpart too blue or crowded to be visible. We have overlaid the 
0"5 radius error circles for the Chandra source positions (in which we searched), and the candidate stars themselves are indicated by arrows. We also note that both 
the depth, greyscaling and pixel scales for the images are varied; as we have chosen the deepest, most well-sampled images (using dithered images where available) 
and then adjusted the greyscale to enhance visibility of the candidates. 



y, we estimate V ~ 0.5(B-l-^). To allow comparison with the 
large database of ROSAT, we estimate that one X^on Chandra 
count for our 29 ks NGC 6752 observation corresponds to a 
rate of 0.9 x lO'^ counts s"' in channels 52-201 of the ROSAT 
PSPC. As shown in Fig. 5, the ratio of optical to X-ray flux 
of most Chandra sources in NGC 6752 suggests that they are 



cataclysmic variables. We discuss these first and the possible 
exceptions of CX12, CX16, and CX18 later. 

Fig. 3 shows that the optical counterparts to CXI, CX2, CX3, 
CX4, CX7, CXIO and CXI 5 all have ultraviolet excesses (at 
t/336 and/or nUV255) with respect to the main sequence, as ex- 
pected for cataclysmic variables. In B^^^-R^js, the optical 
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Fig. 5. — Comparison of the X-ray and optical fluxes of Chandra sources (numbers) in NGC 6752 to tiiose of field sources (symbols and letters — "C" for Cen 
X-4, "A" for Aql X-1, and "T" for X9N\ and XlQA^a in 47 Tuc; see Verbunt & Hasinger 1998 for more details). R is the equivalent ROSAT countrate in channels 
52-201. Vi is the visual magnitude and for CVs is the magnitude at which the system is most commonly found. Chandra sources with only optical upper Umits 
are indicated by arrows. The top dotted Une roughly separates soft X-ray transients (above) from CVs (below). The bottom dotted line roughly separates CVs from 
RS CVn systems (below). 



counterparts to CXI, CX3 and CX7 are still blue with respect to 
the main sequence, CX2 and CX4 are not distinguishable from 
the main sequence, and no information is available on CXIO 
and CX15. CX6, CXll and CX13, for which no ultraviolet 
fluxes are available, are bluer than the main sequence in B439. 
CXI, CX2, CX4, and CX7 also show clear H a emission, and 
CX3, CX6 and CX13 do not. CXll shows marginal Ha ex- 
cess, and no information is available for CXIO and CXI 5. On 
the whole, the optical properties for all these objects are com- 
patible with those expected for cataclysmic variables, although 
CXll and CXI 5 show evidence for having spatially extended 
emission and could be background galaxies. These and other 
early Chandra observations are finding the long-sought but, un- 
til recently, rarely observed population of CVs in globular clus- 
ters (Grindlay et al. 2001a,b). 

CX12, CX18, and CX16 have (limits to) X-ray to optical 
flux ratios in the range of RS CVn systems. The limited infor- 
mation that may be obtained from the X-ray hardness of these 
three sources indicates that they may be as soft as expected for 
RS CVns. Interestingly, the B^^g-R^js color of CX16 places 



it on or slightly above the main sequence (see Fig. 3); its weak 
H a emission is not unprecedented in RS CVn type systems ei- 
ther. The optical counterparts for CXI 2 and CXI 8 would have 
visual fluxes more than about 3 mag fainter than our limits if 
they were dwarf novae in quiescence. They can be as bright 
as our limits if they are dwarf novae in outburst or nova-like 
variables of the UX UMa type (i.e., non-magnetic, permanently 
bright cataclysmic variables). 

The location of CX5 in the optical color-magnitude diagrams 
is similar to that of CXI 6, as is its moderate H a emission. This 
suggests that it is an RS CVn system (more precisely, a BY Dra 
system). Its high X-ray to optical flux ratio and spectral hard- 
ness are more suggestive of a cataclysmic variable, however. 

As remarked above, our Chandra sources have X-ray lumi- 
nosities in the range also observed for MSPs in the galactic disk. 
In this respect, the X-ray sources for which we have no optical 
counterparts could be MSPs. Also, as stated in §2.2, we expect 
^4 serendipitous background sources within the half-mass ra- 
dius. The optically unidentified faint X-ray sources may well be 
such background sources. Alas, no period derivatives or posi- 
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tions are as yet available for the five MSPs, with periods ranging 
from 3.3 to 9.0 msec, now known in NGC 6752 (Possenti et al. 
2001a). The X-ray luminosity of an MSP is only a small frac- 
tion of the spin-down luminosity (Verbunt et al. 1996; Possenti 
et al. 2001b), and the latter is proportional to (with P the 
pulse period). To illustrate this we write the X-ray luminosity 
Lx as a fraction / of the spindown luminosity E^a 



— f^sd — 



(1) 



P3 rcP2 

where / ~ 10"*^ g cm^ is the moment of inertia of the neutron 
star, Tc = P/{2P) its characteristic age, and P the intrinsic pe- 
riod derivative. Entering characteristic values we obtain 



Lx = 7x lO^^ergs 



-1 



/ 10' V /0.003s 



0.001 



(2) 



We think that the most hkely candidates are PSRs J1910-59A, 
C and E, which have the shortest periods and should therefore 
be the brightest in X-rays. The least luminous X-ray sources ap- 
pear the more likely candidates, in particular CX17, which has 
a radio counterpart. However, CX8 has a very soft spectrum, 
and in our view cannot be excluded. 

All of our likely source identifications are indicated in the 
X-ray color-magnitude diagram (Fig. 2). 

6. DISCUSSION 

Our Chandra observation provides a dramatic improvement 
over the ROSAT HRl observations. The central X-ray emission 
of NGC 6752, resolved into 4 sources by the ROSAT HRI, is 
now found to be due to ten sources. The very accurate posi- 
tions of these and other newly discovered sources allow secure 
identifications with HST sources and with one radio source. 

Outside the core, the two sources CX2 and CX3 correspond 
to the ROSAT sources X14 and X6, respectively. From these 
two we determine an offset of (l."9, -2."1) that has to be ap- 
plied to the ROSAT positions (as given by Verbunt & Johnston 
2000) to align them with the Chandra frame. 

In Fig. 6 we show the positions of the central sources that 
we have detected with Chandra superposed on a contour of the 
ROSAT HRI observation to which this offset has been applied. 
We then find that CX6 and CXI correspond to X22 and X7b, re- 
spectively, whereas ROSAT source X7a has been resolved into 
CXll, CX12, and CX14, and X21 into CX4, CX5, CX7, and 
CX9. 

From our spectral fits to the Chandra sources, we can esti- 
mate the ROSAT HRI and PSPC countrates for the luminosities 
at which Chandra detected them: 1 Xgoft Chandra count in our 
observation corresponds to about 0.0045 cts/ks in the ROSAT 
HRI observations and to 0.009 cts/ks (channels 52-201) in the 
ROSAT PSPC observation. With this conversion we find that 
the luminosities of X14/CX2, X6/CX3, X22/CX6, X7a/(CX4, 
5, 7, 9) and X21/(CX11, 12, 14) are constant within the er- 
rors between the ROSAT HRI and Chandra observation. Source 
X7b/CXl, however, was about 30% brighter in the ROSATURl 
than in the Chandra observation. The central conglomerate of 
sources was about 40% brighter during the ROSAT PSPC obser- 
vation than during the Chandra observation; due to the lack of 
spatial resolution in the PSPC we cannot assign this to a specific 
Chandra source. We thus have evidence that the X-ray luminos- 
ity of at least one central source, CXI, is variable. Both X-ray 
and optical variabihty will be discussed in detail in Homer et 
al. (2001b). 



Chandra observations have been published for three other 
globular clusters that do not contain a bright (L^ > 10^*" erg s"') 
central X-ray source. The numbers of identified sources of 
various types are sunmiarized in Table 5. Of these clusters, 
47 Tuc has a larger core and slightly smaller central density than 
NGC 6752, causing the frequency of close encounters in 47 Tuc 
to be a factor ~10 larger than that in NGC 6752. NGC 6397 
has a higher core density and much smaller core radius than 
NGC 6752, leading to a frequency of close encounters a factor 
~10 smaller than in NGC 6752. Finally, ui Cen has a smaller 
central density and larger core than any of these clusters, and 
an encounter frequency similar to that in NGC 6752. 

The X-ray luminosity of currently known quiescent soft X- 
ray transients with neutron stars in the Galactic disk does not 
drop below ~ 10^^ erg s~^ If a similar lower limit holds for 
such transients in globular clusters, the Chandra observations 
provide a complete census of the quiescent transients in the ob- 
served four clusters, since none of the unclassified sources has 
an X-ray luminosity in excess of this threshold. If the number 
of quiescent soft X-ray transients scales with the collision fre- 
quency, we estimate that one such system is formed per ~30 of 
our normalized encounter frequencies, in which case the num- 
bers of two, one, and zero in 47 Tuc, oj Cen, and NGC 6752 are 
well within expectation with Poisson statistics. The possible 
presence of such a source in NGC 6397, however, is somewhat 
surprising. A similar statement may be made for the X-ray de- 
tected MSPs: for an expected number of one per ten normahzed 
encounter frequencies, only NGC 6397 is surprising in contain- 
ing one. The presence of both a soft X-ray transient and an X- 
ray detected MSP in NGC 6397 suggests that clusters with the 
highest densities contain more such systems than indicated by 
the (average) collision number This may be the consequence 
of more pronounced mass segregation in these clusters, which 
enhances the encounter rate of neutron stars with respect to the 
average encounter rate by concentrating them to the core. 

The relative numbers of cataclysmic variables and binaries 
with a neutron star (i.e., permanently bright low-mass X-ray bi- 
naries or soft X-ray transients) according to theory depends on 
a number of factors including the retention fraction of neutron 
stars (many neutron stars may be bom with velocities that throw 
them out of the cluster, whereas all white dwarfs remain), the 
mass segregation in the cluster (which will concentrate the re- 
maining neutron stars to the core where the close encounters 
occur, more so than the less massive white dwarfs), and the im- 
portance of primordial binaries evolving into cataclysmic bina- 
ries (important in clusters with small encounter frequencies). It 
is therefore interesting to see that the number ratio of (hitherto 
classified) cataclysmic variables to soft X-ray transients is not 
significantly different in 47 Tuc and NGC 6397, even though 
their encounter frequencies differ by two orders of magnitude. 
If many of the unclassified sources in 47 Tuc turn out to be 
cataclysmic variables, as is expected, the number ratio of cat- 
aclysmic variables to soft X-ray transients in it will even be 
higher. This again suggests that the average collision num- 
ber of NGC 6397 underestimates the neutron star encounter 
rate. It should be noted that the census of cataclysmic variables 
through X-rays is certainly not complete, as many cataclysmic 
variables observed in the Galactic disk have X-ray luminosi- 
ties below our threshold of 2 x lO"'" erg s"' (see e.g. Fig. 8 in 
Verbunt et al. 1997). If we accept that X9/V1 and X19A'2 in 
47 Tuc and CX6 in NGC 6752 are indeed cataclysmic vari- 
ables, we see from Fig. 5 that their X-ray to optical flux ratio 
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Fig. 6. — ROSAT HRI contours of NGC 6752 with positions of the central Chandra sources superposed (solid circles). ROSAT centroids are also indicated 
(boxes). The ROSAT contours were shifted (based on the correspondance of CX2 and CX3 with X14 and X6, respectively, from Verbunt & Johnston 2000) to align 
them with the Chandra frame. 



is higher than that of any eataelysmie variable in the galactic 
disk studied by Verbunt et al. (1996). The high X-ray luminos- 
ity of X9 has been confirmed with Chandra observations; the 
relative hardness of its X-ray spectrum suggests a cataclysmic 
variable, rather than a quiescent soft X-ray transient (Grindlay 
et al. 2001a) 

Equally remarkable is the fact that the number ratios of cat- 
aclysmic variables to X-ray active binaries is ~ 4 in all four 
clusters under discussion, notwithstanding the large range of 
encounter frequencies. In dense clusters like 47 Tuc, most 
cataclysmic variables should be formed via close encounters, 
whereas a less concentrated cluster like lo Cen may have a sig- 
nificant contribution of primordial binaries evolved into cata- 
clysmic variables (Verbunt & Meylan 1988; di Stefano & Rap- 
paport 1994; Davies 1997). As more sources are identified in 
47 Tuc and w Cen, and other clusters are studied as well, the 
numbers may become big enough to allow more definite con- 
clusions. 

Finally, we are struck by the fact that all X-ray sources in 
Fig. 1 he in a quadrant south of the cluster center. The formal 
probability of this happening with thirteen sources is small, but, 
if the optical cluster center position is accurate, we are inclined 
to ascribe this to chance. At the small interstellar absorption 



towards NGC 6752, and with the relatively hard spectra of the 
X-ray sources, differential absorption over the cluster cannot 
explain the asymmetry. The optical cluster center would have 
to be in error by about 10" for it to be close to the X-ray center. 
We note that, if this is the case, then NGC 6752 becomes the 
second globular cluster for which the optical determination of 
its center has been corrected by an X-ray observation (the first 
one being NGC 6541, see Fig. 1 of Verbunt 2001). 
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Table 1 
NGC 6752 X-RAY SOURCES. 



Src'^ 


RA (J2000)^ 


Dec (12000)" 


Detected Counts/Corrected Counts'^ 


U (erg s-O" 


Cntrpt^ 


ID' 










^soft 


-^med 


Xhard 


[0.5-2.5 keV] 






CXI 


19: 


:10:51.098 


-59:59:11.83 


536/588.0 


936/1014.0 


444/457.0 


2.1 X 10^'^ 


Opt./X7b 


CV 


CX2 


19: 


10:55.972 


-59:59:37.33 


196/215.3 


315/343.5 


130/135.3 


6.0 X 10^1 


Opt./X14 


CV 


CX3 


19: 


10:40.318 


-59:58:41.29 


177/195.4 


274/297.6 


104/107.0 


5.3 X 10^1 


Opt./X6 


CV 


CX4 


19: 


10:51.546 


-59:59:01.71 


132/146.0 


219/238.7 


94/97.1 


4.0 X 10^' 


Opt./Bl 


CV 


CX5 


19: 


10:51.374 


-59:59:05.11 


94/103.7 


175/190.3 


86/88.7 


3.6 X 10^1 


Opt. 


CV/BY Dra 


CX6 


19: 


10:51.462 


-59:59:26.99 


83/90.9 


121/130.9 


41/42.1 


2.2 X 10^1 


Opt./X22 


CV 


CX7 


19: 


10:51.467 


-59:58:56.72 


58/64.3 


95/103.6 


44/45.4 


1.9 X 10^1 


Opt./B2 


CV 


CX8 


19: 


11:02.944 


-59:59:41.89 


83/90.8 


87/94.5 


4/3.9 


2.1 X 10^1 






CX9 


19: 


10:51.720 


-59:58:59.16 


47/52.0 


65/70.8 


19/19.5 


1.3 X 10^1 






CXIO 


19: 


10:54.706 


-59:59:13.87 


13/14.2 


25/27.0 


12/12.3 


6.0 X 10^" 


Opt. 


CV 


CXll 


19: 


10:52.376 


-59:59:05.56 


22/24.1 


26/28.0 


5/5.0 


6.2 X 10^° 


Opt. 


CV/Gal. 


CX12 


19: 


10:52.694 


-59:59:03.27 


19/20.8 


23/24.7 


4/3.9 


5.6 X 10^° 






CX13 


19: 


10:40.565 


-60:00:06.07 


13/13.8 


18/18.6 


7/6.8 


4.6 X 10^" 


Opt. 


CV 


CX14 


19: 


10:52.039 


-59:59:09.12 


15/16.4 


15/16.0 


0/- 


4.2 X 10^" 






CX15 


19: 


10:55.798 


-59:57:45.53 


8/8.5 


10/10.4 


2/1.9 


3.2 X 10^" 


Opt. 


CV/Gal. 


CX16 


19: 


10:42.474 


-59:58:42.83 


8/8.7 


9/9.5 


1/0.9 


3.0 X 10^° 


Opt. 


BY Dra 


CX17 


19: 


11:05.279 


-59:59:04.03 


3/3.2 


7/7.4 


4/4.0 


2.7 X 10^° 


Rad. 


MSP/Gal. 


CX18 


19: 


10:52.006 


-59:59:03.69 


7/7.7 


7/7.5 


0/- 


2.7 X 10^" 






CX19 


19: 


10:55.577 


-59:59:17.54 


4/4.3 


4/4.2 


0/- 


2.2 X 10^° 







^Sources are numbered according to their total counts. 

''The Chandra positions have been corrected by -0?044 (= -0"33) in RA and -0."17 in Dec (see §3). We estimate the uncertainties in the final astrometric solution at about 
0."3 in both RA and Dec. These uncertainties are much larger than the wavdetect centroiding uncertainties. 
'^Corrections are described in §2.3. X-ray bands are 0.5-1.5 keV (Xjoft), 0.5-4.5 keV (Xmed), and 1.5-6.0 keV (Xhard)- 

''For sources CX1-CX9, comes from an average of the unabsorbed luminosities of the best-fit models for each source (see Tables 2 and 3). A Unear relation between 
and Xmed counts for these sources was derived and used to estimate Z-x for sources CX10-CX19 based upon their Xmed counts. Typical uncertainties in are ~20%. 
"Type of counterpart (optical or radio) found and associations (if any) with previously reported sources. "X" numbers refer to the ROSAT sources of Verbunt & Johnston 
(2000). "B" numbers refer to the HST sources of Bailyn et al. (1996). Note that our HST positions for these variables are very different from those given by Bailyn et al. (see 
§4.1). 

^See §5 for details. "Gal." indicates the source may be a galaxy. 
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Table 2 

Spectral hts to the Chandra data of the brighter sources for hxed A^h = 2.2 x 10^° cm~^. 



Src ModeP kT (ksY) L^ieigs'^f' xL. (dof) 







or r 


rO 5-2 5 keVl 




CXI 


TB 
BB 

PL 


99.8^6M 
0-66!S:o4 

1 1Q+fl.07 

^ ■ ^ "-().(» 


1.8 X 10^2 
2.0 X 10^2 

1.7 X 10^2 


1.04(25) 
4.05 (25) 
1.17(25) 


CX2 


TB 
BB 
PL 


20.^%% 

1 ao+0.I5 


6.0 X 10^^ 
6.0 X 10^1 

5.9 X 10^1 


1.02(19) 
3.48 (19) 
1.03(19) 


CX3 


TB 
BB 
PL 


5.20^'^ 

0.50!«;?? 

1.62tl? 


5.3 X 10^' 
5.5 X 10^1 
5.2 X 10^1 


1.20(16) 
3.53 (16) 

1.23(16) 


CX4 


TB 
BB 
PL 


i7.i:ii'2 

1 oc+0.18 
-'-■-'-'-0.17 


4.2 X 10"' 
3.6 X 10^1 
4.1 X 10^1 


1.05(12) 
2.90(12) 
1.14(12) 


CX5 


TB 
BB 
PL 


>29 

0.65t|? 

0.93tg 


3.5 X 10^' 

3.6 X 10^' 
3.5 X 10^1 


0.84(14) 
1.07(14) 
0.66(14) 


CX6 


TB 
BB 
PL 


11.71^1 


2.2 X 10^' 
2.2 X 10^' 
2.2 X 10^' 


1.02(10) 
2.41 (10) 
1.06(10) 


CX7 


TB 

BB 
PL 


74 7+00 
Jt.Z,_29 1 

0.451!:^^ 

-'-•-'-'-0.35 


2.0 X 10^' 

1.8 X 10^' 

1.9 X 10^' 


0.78 (8) 
3.12(8) 
0.71 (8) 


CX8 


TB 

BB 
PL 


6.32!f°o 
U.26_o.o4 

-1 T-l-tO.48 
'^•^'^-0.49 


2.2 X 10^' 
1.7 X 10^1 

2.3 X 10^' 


2.07 (6) 
1.35(6) 
2.11 (6) 


CX9 


TB 
BB 
PL 


3.34^ii= 

0.34!«;>« 
1.64!gj? 


1.3 X 10^^ 

1.3 X 10^1 
1.3 X lO^i 


0.14(4) 

0.49 (4) 
0.21 (4) 



"TB = Thermal Bremsstrahlung, BB = Blackbody, PL = 
Power Law 

''Unabsorbed luminosity for <i = 4. 1 kpc. 



Table 3 

Spectral fits to the Chandra data of CXI with A'h allowed to vary. 



ModeP 


Nn (lO^o cm-2) 


kT (keV) 
orr 


Z,x (erg s-i)" 
[0.5-2.5 keV] 


X?ed. (dof) 


TB 
BB 
PL 


8.36!J:^1 

<0.48 

10.4!^:? 


15.9!i'3" 

o.67!;:;:«l 

1 4.4.+0.14 

-'■^^-0.13 


2.1 X 10^2 
1.9 X 10^2 

2.2 X 10^2 


0.66 (24) 
3.70 (24) 
0.73 (24) 


BB+PL 


1.99!i°9^ 


kT = 0.67^^1^ 

p _ 1 2^+0-36 

1 - l.ZJ_Q J5 


1.9 X 10^2 


0.54 (22) 



"TB = Thermal Bremsstrahlung, BB = Blackbody, PL = Power Law 
''Unabsorbed luminosity for J = 4. 1 kpc. 



Table 4 

Summary of color selection for optical/UV counterparts 



Oplical 


Offset from CXO posn.'' 


^675 




^439-^675 


U336 


t^336^^555 


«t/V255-t/336 


SloT IJJ if 


in a (") 


in S (") 














1 


0.05 


0.05 


19.36±0.02 


-0.24 ±0.03 


-0.96 ±0.02 


19.78 ±0.06 


0.24 ±0.08 

0.96 ±0.06 


0.05 ±0.15 


2 


-0.09 


0.07 


19.55 ±0.01 


-0.86 ±0.07 


-0.23 ±0.02 


19.83 ±0.06 


0.40 ±0.06 


0.36±0.17 


3 


0.06 


-0.11 


21.48 ±0.03 


-0.07 ±0.08 


-0.19 ±0.05 


21.8±0.2'' 


0.2 ±0.2'' 




4 


-0.01 


0.06 


20.83 ±0.05 


-0.76 ±0.07 


0.25 ±0.13 


20.14 ±0.08 


-0.33 ±0.13 
-0.75 ±0.09 


-0.05 ±0.19 


5 


-0.02 


0.00 


19.13±0.01 


-0.12 ±0.03 


0.03 ±0.02 


19.72 ±0.06 


0.73 ±0.13 
0.68 ±0.24 


1.82±0.19 


6 


-0.09 


0.00 


23.63 ±0.27 


-0.34 ±0.49 


-0.96 ±0.32 








7 


0.01 


-0.06 


21.44 ±0.06 


-1.40 ±0.08 


-0.10±0.10 


21.78±0.21 


0.08 ±0.26 
0.48 ±0.21 




10 


0.06 


-0.05 








19.67 ±0.06 


-0.27 ±0.08 


0.97±0.19 


11 


-0.05 


0.05 


21. 60 ±0.28 


-0.41 ±0.35 


0.07 ±0.39 








13 


0.13 


0.16 


24.26 ±0.15 


-0.06 ±0.47 


-0.70 ±0.20 








15 


0.21 


-0.18 








22.16 ±0.24 


0.16±0.25 


-0.62 ±0.54 


16 


0.06 


-0.18 


19.05 ±0.01 


-0.17 ±0.02 


-0.05 ±0.01 









"The optical position is then given by Chandra X-ray value + offset in each coordinate. Note, the results are in true seconds of arc for both RA and Dec. 

''These magnitudes are estimates based on the wide U (F300W) and wide V (F606W) data available (f/aoo = 21 .85 ± 0.06, U300 - Veoe = 0-36 ± 0.06) and transformations 

in Holtzmann et al. (1995). 
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Table 5 

The Nature of the Faint Globular Cluster X-ray Sources. 



Cluster 


Coll. Freq.'' 


qLMXB 


cv 


Bin.'' 


MSP'= 




Ref." 


47Tuc 


=100 


2 


13 


5 


9 


~60 


1 


LO Cen 


16 


1 


2 








~20 


2 


NGC 6752 


9 





11-14 


1-3 


1 


6 


3 


NGC 6397 


1 


1 


8 


2 


1 


1 


4 



^Collision frequency scaled on the frequency in 47 Tuc. It is computed based on 
the central density p,, and core radius given in the 1999 June 22 version of the 
catalogue described in Harris (1996), as oc p^r^. 

''X-ray-active main-sequence binaries. 

''X-ray detected MSPs. 

"^Unclassified. 

n. Grindlay et al. (2001a); 2. Rutledge et al. (2001a); 3. this paper; 4. Grindlay 
et al. (2001b) 



